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Highlights:

e The fire severity model uncertainty is quantified by fire load correction factor
e The declared thermal inertia of the linings strongly affects the correction factor
e Application of the correction factor allows for reliability-based design

Abstract:

A commonly used approach to represent the thermal load in a compartment fire is the Eurocode
Parametric Fire Curve (EPFC), which specifies gas temperatures (or rather adiabatic surface
temperatures). Recognizing the significant deviations between real fires and the EPFC framework,
the concept of model uncertainty is explored. This study does not aim to assess or improve the
EPFC, but introduces a model uncertainty, allowing for reliability-based structural fire engineering
(SFE). It presents a stochastic correction factor for the fire load density, based on the maximum
temperature in steel sections. The focus is on the fire load density, but in general other parameters
can be jointly taken into account as well. This correction factor considers protected and unprotected
sections, incorporating variations in section factor and protection thickness. The findings reveal
that the fire load density within the EPFC framework can be modified to better represent the
severity of fire experiments. This approach ensures physical consistency of the obtained
compartment gas temperatures, as opposed to alternative approaches for addressing the EPFC
model uncertainty. While promising results are evident in this proof of concept, exploration for
other types of structural elements and evaluation for structural systems is necessary before
integration into design practices.

Keywords: structural fire engineering; compartment fires; fire load density; steel structures;
reliability; probability of failure

1. Introduction

A structural fire design is traditionally deemed to be satisfactory when prescriptive design
requirements are met. The main requirement is usually associated with fire resistance, R, and
indicates the time a structural element can maintain load-bearing capacity when exposed to a
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prescribed nominal heating regime, e.g. ISO 834 [1] or ASTM E119 [2]. Due to its simplicity and
generality, facilitating standardization, this methodology has been adopted in many design guides
and building codes (e.g. [3], [4]).

Nevertheless, standardized time-temperature curves enable homogenization and comparison, but
they are not capable of representing realistic exposures for post-flashover compartment fires [5].
They are invariant and lack specific consideration of the compartment in which the fire is situated,
e.g., fuel and compartment characteristics. Besides, they completely ignore the existence of a fire
decay and cooling phase. Therefore, they can only be used within the boundaries of the prescriptive
design paradigm. Recent research ([6]-[8]), however, has highlighted the need for adopting a
holistic approach in structural fire engineering (SFE), as traditional approaches do not
comprehensively ensure the load-bearing capacity of structural elements until complete fuel
burnout. A commonly used method to represent natural fires is the Eurocode Parametric Fire Curve
(EPFC) [9], which considers the physical parameters (e.g., the amount and nature of the fuel, the
opening area and height, material properties of the linings etc.) that have a significant influence on
the severity of the fire that could develop [10].

The heating phase formulation of the EPFC is frequently regarded as a derivation of the “Swedish
fire curves” ([11], [12]) which involve an energy balance at the compartment enclosure for
ventilation-controlled fires. In fact, the formulation of the heating phase of the EPFC has been
constructed using the principles underlying the “Swedish fire curves” and was then validated
against these curves [13]. Nevertheless, it was highlighted that the method is very approximate
and should be used with care [14].

Although the gas temperature described by the EPFC is more correctly referred as an adiabatic
surface temperature (AST) [15], [16], it does not guarantee that element temperatures, which are
of primary interest for SFE, are close to those obtained in actual fire experiments. This can lead to
unsafe situations as structural elements can have been designed for less severe fire conditions than
the fire that is expected in reality. Likewise, it can also lead to highly overestimated fire exposure
and over dimensioned structural elements, preventing the real SFE optimization process. A
detailed example demonstrating this issue is provided in section 2.1. In addition, it is currently not
known what model uncertainty/correction factor can be applied to allow for a reliability-based
structural fire design.

To address these issues, the concept of a correction factor (in effect, a model uncertainty) is
explored, with the goal of ensuring that the modelled element temperatures correspond to those
from actual fire tests. The development of such a correction factor is an indispensable step in
advancing towards reliability-based structural fire engineering and will allow engineers to express
the confidence they have in their designs. The correction factor is applied to the fire load density
in a modified version of the EPFC (mEPFC), which avoids the discontinuity inherent within the
traditional EPFC formulation. The correction factor is derived so that the maximum steel
temperature reached in mEPFC exposure matches the temperatures obtained considering
experimental time-temperature data.

2. Limitations of EPFC
2.1 Reliability of fire severity



The severity of the EPFC for SFE becomes evident through an assessment of the steel temperature
over time when subjected to both experimentally measured time-temperature data of the gas and
the corresponding EPFC. Fig 1 illustrates this scenario using Cardington fire test 6, using the
compartment average of the gas temperature [17]. Despite the anticipated equivalence of the
EPFC's thermal impact on the steel element, the observed steel temperature is notably lower when
exposed to the EPFC, in contrast to the experimentally measured gas temperatures. Considering
the maximum temperature in steel profiles as a severity metric — a representation of the most
critical condition for the individual structural element and employed in the EPFC validation
process [10] — it becomes apparent that, in this specific case, the EPFC underestimates the severity
of actual fire exposure. While acknowledging that such discrepancies may not be universal, this
observation underscores the imperative of accurately quantifying the model uncertainty associated
with the EPFC.
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Fig 1. Gas and calculated steel temperatures for Cardington fire test 6 [17] and the corresponding
EPFC and mEPFC [18] curves using a HEA200 beam protected with 2cm of SFRM [19].

2.2 Discontinuities in EPFC

The formulation of the parametric fire curve as provided in Annex A of EN 1991-1-2:2002 [9]
introduces discontinuities in the maximum gas temperature at the interface between fuel- and
ventilation-controlled fires, as demonstrated in Fig 2a. These discontinuities do not have a physical
meaning as small variations in the opening factor or fire load density can lead to significantly
different results. This also implies that for a fixed opening factor and varying fire load density (or
vice versa), there will be a range of maximum temperatures that cannot be achieved. As the goal
in this study is specifically to match maximum steel temperatures under exposure to experimental
gas temperature data and a parametric fire curve, this phenomenon is undesirable.

The discontinuities of the EPFC have been addressed by Reitgruber et al. [18], proposing
alternative formulations for the limiting opening factor, Oiim [M*?] (Eq. (1)) and the time of
maximum temperature of the heating phase, tmax [h] (Eq. (2)):

Ojim = 0.14 x 1072 2 (1)

lim

tmax = max (tym, 0.14 x 1072 %) @)



In these expressions q, is the fire load density related to the total surface area of the enclosure
(a: = qr - A¢/A; with At the floor area and A the total area of the enclosure) and ty;p, [h] is the
time of maximum gas temperature in a fuel-controlled fire. This reformulation has been
abbreviated in this manuscript as mEPFC.

Fig 2a and Fig 2b visualize the maximum gas temperatures for different combinations of opening
factor and fire load density using the EPFC formulation and the reformulation of [18]. Although
the reformulation eliminates the discontinuities in the EPFC, it also leads to different temperatures,
as illustrated in Fig 2c. These temperature differences are not readily negligible with the main part
of datapoints in the (O, q¢) space, having a temperature difference of 40°C or more (up to 200°C)
between the two formulations. Nevertheless, the reformulation of [18] will be adopted in this
research as it avoids convergence issues.
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Fig 2. Maximum gas temperatures for (a) EPFC and (b) reformulation of [18] for different
combinations of g and O, and (c) temperature difference EPFC minus reformulation.
Compartment dimensions are 10 m x 10 m x 4 m and linings thermal inertia b = 1400 J/m2s'”?K.

A model uncertainty derived from the mEPFC is strictly speaking not directly applicable to the
current EPFC, due to different maximum temperatures, as demonstrated in Fig 2. Nevertheless,
similar results can be expected as the physical models underlying the two versions are the same,
with some modifications to constants to ensure continuity. Therefore, these differences are not
considered crucial for the illustration of concept in this study, although extension to the real EPFC
is desirable in follow-up research. The results obtained for the mEPFC are however directly
applicable to performance-based design solutions which do not rely on strict adherence to the
Eurocodes.

3. Possible forms of a correction factor

The presented example in section 2.1 highlights that the application of the EPFC (or mEPFC) may
not consistently yield the expected severity in real-world scenarios. Consequently, a correction,
which will act as a model uncertainty, becomes essential to bridge this disparity. To establish a
model uncertainty, the first step involves calculating correction factors for individual cases. This
correction factor should lead to the same maximum steel temperature when applying the mEPFC
model as when considering the experimentally measured gas temperatures. The maximum steel
temperature is considered because it is a representation of the most critical condition for the
individual structural element and has been employed in the EPFC validation process [10].
Subsequently, individual correction factors are aggregated across cases, generating a distribution
of correction factors. A stochastic distribution can then be fitted to this data, leading to a
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generalized correction factor. Finally, a conservative value can be derived from the generalized
correction factor, resulting in a design value. This approach is visually illustrated in Fig 3. In
addition, such model uncertainty can be implemented in various manners. The advantages and
disadvantages of these manners are discussed below.
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Fig 3. Schematic approach to developing a model uncertainty.
3.1 Correcting gas temperature directly

The correction can be directly applied to the gas temperature calculated by the mEPFC, which is
applied as an AST within SFE calculations. This could be done considering either a multiplicative
factor or an additive term, as expressed in Eq. (3) and (4) respectively.

Tg,corr = Tg | (3)
Tg,corr = Tg +1 4)

where Ty o IS the corrected gas temperature in [°C], Ty is original gas temperature and n is the
correction factor or term, depending on whether it is multiplicative or additive. Note that the
magnitude and dimension for the correction term will necessarily differ between both
formulations. The additive term is expressed in [°C], while the multiplicative factor would be
dimensionless.

Implementing such an approach is straightforward, yielding results that are intuitively clear.
However, the use of a multiplicative factor introduces challenges, particularly when it is
unbounded. It can lead to excessively high or unrealistically low temperatures after adjustment
with the stochastic correction factor. For instance, using a lognormal multiplicative correction
factor with a mean value of 1.1 and a coefficient of variation of 0.3 to adjust a maximum mEPFC
gas temperature of 1000°C would result in a 2.4% probability of the corrected gas temperature
exceeding 1800°C. The same general issue holds for an additive term. Even values below zero
would be possible, depending on the stochastic distribution. For instance, a normal additive
correction factor with a mean value of 100 degrees and a standard deviation of 50 degrees would
have a 0.8% probability of yielding a negative temperature when starting from ambient
temperature (20°C). While one potential solution involves making the correction factors
temperature-dependent to mitigate errors at low temperatures and ensure sufficient correction at
higher temperatures, this greatly increases complexity. Given the physical constraints that should
be placed on the corrected gas temperatures, these approaches are not preferable.

3.2 Correcting the input parameters of the mEPFC model



Alternatively, the correction can be applied to the input parameters of the mEPFC model. This
approach offers the advantage of maintaining temperature bounds determined by the mEPFC's
models and equations, preventing the occurrence of excessively high or even negative
temperatures in certain scenarios. The mEPFC (like the traditional EPFC) has only two degrees of
freedom [5], [8]. Thus, in the following the two main input parameters of the mEPFC are
considered, being the fire load density and the opening factor. The correction can be applied to
either parameter individually or to both simultaneously, and the optimal choice is sought.
Therefore, a case study will be used, considering an HEB400 I-profile. The section is protected
with 2 cm of SFRM and the material properties are the mean values of the models provided in
[19]. The section is exposed to experimentally measured gas temperatures from Cardington fire
test 6 [17] and the corresponding mEPFC. The input parameters are a fire load density of 680
MJ/mz2, an opening factor of 0.07 m*2, a thermal inertia of the linings of 1600 J/m2Ks'2, a floor
area of 12 m by 12 m and a height of 3.4 m.

To illustrate the general influence of both the fire load density and opening factor in the mEPFC
framework, the maximum steel temperatures for the presented case study are investigated for
different combinations of these parameters. The calculation of the steel temperature is done
through the lumped mass approach of EN 1993-1-2:2005 [20], as described in section 4.2. The
results, presented in Fig 4, illustrate that the influence of the opening factor is significantly smaller
than the influence of the fire load density. For a fixed value of the opening factor, a change in fire
load density will almost always allow for reaching the desired maximum temperature, except for
very low values of the opening factor. This is due to the wide range of fire load densities that EN
1991-1-2:2002 allows. For a fixed fire load density, however, the range of temperatures that can
be reached by varying the opening factor is very limited. In many cases, it is not even possible to
reach the desired temperature considering the acceptable range of opening factors recommended
in EN 1991-1-2:2002 [9], which is from 0.02 to 0.2 m*2.
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Fig 4. Maximum steel temperatures that can be reached for different combinations of fire load
density and opening factor using a HEB400 profile protected with 2 cm of SFRM.
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3.2.1 Correcting the opening factor

In the presented case study, the maximum steel temperature achieved during exposure to
experimentally measured gas temperatures is 712°C. The mEPC is now used considering the
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declared fire load density of 680 MJ/m?, and the opening factor is varied with the goal of obtaining
the same maximum steel temperature of 712°C. However, the fire curves in Fig 5a demonstrate a
limited impact of varying the opening factor on the maximum temperature obtained. Notably, no
physical solution is found within the bounds specified by EN 1991-1-2:2002 [9], as indicated in
Fig 5b. Even if only cases would be considered where a solution is found, conservatism lacks a
clear definition for the opening factor, where a higher opening factor could lead to either more
intense burning (if ventilation-controlled) or lower temperatures (if fuel-controlled).
Consequently, applying the correction factor solely to the opening factor is not the preferred
option.

1400 —— Cardington 7 1000 Compartment characteristics:
—_ i —— MEPFC - 0 = 0.02 m*? gr = 780 Mj/m?
) 1200 -—- MEPFC- 0 = 0.07 m'? ‘;:fé%z’],”m%m
f‘n —— mEPFC- 0 = 0.10 m*? 800 - LxBxH =10 mx 10 mx 3.4 m
8 1000+ --- MEPFC- 0 = 0.20 m'?
53 oY 0 N NESUNN NSRRI S SN
g 800 &
2 é 600 -
©
5 6001 3
= 3
§ 4001 ® 4001
=
& 2001 :
—— Maximum steel temperature
ol ¥  eeeee- 2007 --- Target value
0 30 60 90 120 0.02 0.05 0.08 0.11 0.14 0.17 0.20
Time [min] Opening factor, O [m*?]
(a) (b)

Fig 5. Case study considering a HEB400 profile with 2 cm of SFRM with (a) the experimental
fire curve and different mEPFC curves with varying opening factor and (b) the maximum
achievable temperatures within the EN 1991-1-2:2002 [9] bounds.

3.2.2 Correcting the fire load density and opening factor simultaneously

The correction factor can also be applied to the fire load density and opening factor simultaneously.
This approach requires the definition of a second correction criterion besides the maximum steel
temperature as multiple combinations of fire load density and opening factor may result in the
same maximum steel temperature. Although defining a second criterion is possible (e.g., requiring
that the maximum steel temperature is achieved at the same time as when using the experimental
data), it highly complicates the definition of a correction factor as eventually two stochastic
distributions will be obtained, following the approach from Fig 3. Furthermore, when applying a
second criterion, often no solution will exist.

3.2.3 Correcting the fire load density

This leaves the fire load density as the last option to apply the correction factor to. Employing the
declared opening factor (0.07 m*2), the same maximum temperature is attainable by increasing the
fire load density from 680 MJ/m?2 to 1404 MJ/m? (detailed methodology in Fig 6), demonstrating
that a stochastic correction factor for the fire load density is feasible. This format for considering
the fire severity model uncertainty has the advantage that it maintains the simplicity of a single
correction factor. Besides, conservatism can be clearly defined for this parameter because an
increase in fuel mass will either lead to a longer fire (if ventilation-controlled) or a more intense
fire (if fuel-controlled). In addition, EN 1991-1-2:2002 [9] does not put explicit boundaries on the



fire load density, facilitating convergence in the maximum steel temperatures (i.e., when
evaluating the correction factor for individual cases, as described in Fig 3). Considering the above,
it is concluded that efforts for the development of a correction factor should focus on the fire load
density as an isolated parameter first.

4. Correction factor for the fire load density in structural design
4.1 Methodology to correct mEPFC severity

The stochastic correction factor for the fire load density is determined based on the maximum
temperature in steel sections when exposed to experimentally measured temperatures on the one
hand and the mEPFC on the other hand. The section temperature is calculated using the lumped
mass capacitance approach of EN 1993-1-2:2005 [20]. First, the declared fire load density q; of
the experiments is used as input for the mEPFC calculation. If the maximum section temperatures
are not in agreement, the fire load density is adjusted until convergence is obtained. The fire load
density inducing convergence is called the equivalent fire load density and is denoted g¢eq. The

formulation for the correction factor 1 is given in Eq. (5).

_ Yfeq
n=- (®)
Both protected and unprotected steel sections are considered. The protected sections are covered
with a sprayed fire-resistive material (SFRM). The material properties of the SFRM are taken as
the mean values of the models provided in [19], whereas the steel thermal properties are taken
from EN 1993-1-2:2005 [20]. The methodology presented here, which is schematically visualized
in Fig 6, can be extended to other fire protection materials in follow-up research.
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Fig 6. Schematic overview of the applied methodology.
4.2 Eurocode 3 lumped mass capacitance calculation method

The lumped mass capacitance calculation method of EN 1993-1-2:2005 [20] assumes a uniform
temperature distribution in a cross-section and provides separate formulations depending on
whether the steel section is protected or not. For unprotected sections, the temperature increase per
unit time is given by Eq. (6):

Am/V .

— qnetAt (6)

AO,, =Kk
at sh CaPa

where A8, [°C] is the steel temperature increase, kgp, [-] is the section’s shadow factor, A, /V [m
1 is the section factor, c, [J/kgK] and p, [kg/m?] are respectively the specific heat and density of
steel, qner [W/M?] is the net heat flux per unit area and At [s] is the time interval. The shadow
factor, kg, for non-nominal fire exposures is calculated as the ratio of the box value of the section



factor and the real section factor, [Am/V]b /[An/V]. Substituting the elaborated version of the
shadow factor in Eq. (6), eliminates the dependency of A8, on A,,/V, as indicated in Eq. (7).

Am/V1p -
86, = Pl g At 7)

When the steel profile is covered by a protective material, both the effect of the thermal insulation
and the additional heat capacity should be considered. A simple approximation is to lump one-
third of the heat capacity of the insulation to the steel heat capacity and to add a term to account
for the time delay [21]. This approach has also been adopted in EN 1993-1-2:2005, provided in
Eq. (8). As this approach is commonly used and leads to satisfying results, it is also adopted here.
The last (exponential) term of Eq. (8) accounts for the time delay induced by the protective material
and the term & /3 in the denominator lumps one-third of the heat capacity of the protective material
to the steel section heat capacity. The factor 10 in the exponential term was based on a comparison
with accurately calculated temperatures [21].

A ‘(Bo¢—6 ki
pAp/V:(Bgt q>a,t) At — (elo . 1) Aegt with @ = CpPp
dpcapa(1+§9 '

AB,, = dpAp/V (8)

CaPa

In these expressions, (in addition to the formulation for unprotected members) A, [W/mK], ¢,
[J/kgK] and p,, [kg/m?] are respectively the thermal conductivity, the specific heat and the density
of the protective material, d, [m] is the thickness of the protective material, A,/V [m?] is the
section factor for protected steel members and A8, [°C] is the increase of the gas temperature
during the time interval At [s], taken as 0.5 s for all calculations in the presented work. It should
be noted that the fire and exposed surface temperatures are assumed equal in this formulation,
while this is not the case for the unprotected steel sections. This implies that the inverse of the total
heat transfer coefficient (convective and radiative heat transfer between gas and protective
material) is assumed negligible compared to the (conductive) heat resistance of the insulation [21],
which is a fair assumption for well-insulating materials. Additionally, @ should not exceed 1.5 to
maintain the assumption that there is no heat storage in the insulation material [22]. To satisfy this
requirement for the insulation material considered here, the maximum insulation thickness should
not exceed 0.05 m.

4.3 Experimental data

The fire load density correction factor was defined in Eg. (5). Therefore, the experimental data
used should have a clear description of (i) the fire load density; (ii) the opening factor; (iii) the
thermal inertia; and (iv) the compartment dimensions. A set of exemplar experiments fulfilling
these requirements are selected from the literature and the respective parameters and references
are listed in Table 1. The experimental cases have been selected as representative examples. They
do not aim at being generally representative of post-flashover compartment fire. The
measurements were conducted using bare-bead thermocouples and are generally not directly
applicable as AST, which can only be measured with an idealized plate thermometer [21].
Nevertheless, research has indicated that the difference between the two measuring devices
becomes insignificant for longer fire durations (+10 minutes) [23].

The experimental time-temperature curves are provided in Fig 7 and incorporate the average values
of the temperatures measured during the experiment, which was also the approach followed in the
validation of the EPFC [10]. Although models often assume the post-flashover compartment to
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have one temperature (one-zone assumption), experimental measurements will show temperature
differences based on the location within the compartment. In addition, measurements also come
with a certain accuracy. As the choice of the experimental time-temperature curves is closely
related to the estimations of the correction factor, quantification of the uncertainty is relevant for
accurate predictions of the stochastic correction factor. Therefore, exploring the implications of
measurement errors is highlighted as a topic for follow up research.

Table 1. Details on the large-scale experimental data.

Fire load Opening | Thermal Length | Width | Height | Ref.
density factor inertia
Cardington 1 | 680 MJ/m2 | 0.1 m*? 1600 J/m2s'2K | 12 m 12m 34m
Cardington 2 | 680 MJ/m2 | 0.1 m*? 720 J/m2s'?K | 12 m 12 m 3.4m
Cardington 3 | 680 MJ/m2 | 0.1 m*? 720 J/m2s'?K | 12 m 12m 3.4m
Cardington 4 | 680 MJ/m? 0.07 mY?2 | 720 J/m2s¥2K 12m 12m 3.4m [17]
Cardington 5 | 680 MJ/m2 | 0.078 m*2 | 720 J/m2s*?K | 12m 12m 34m
Cardington 6 | 680 MJ/m2 | 0.07 m¥2 | 1600 J/m2s*?K | 12 m 12m 34m
Cardington 7 | 680 MJ/m2 | 0.07 mY? | 1600 J/m2s*?K | 12 m 12 m 3.4m
Cardington 8 | 680 MJ/m2 | 0.1 m*? 1600 J/m2s'?K | 12 m 12 m 3.4m
Ostrava 1039 MJ/m2 | 0.04 m¥? | 1059 J/m2s*?K | 3.8 m 5.95m | 2.78 m | [24]
Ulster 587 MJ/m? 0.04 mY? | 1104 J/m2s*?K | 156m | 9.2m 2.88 m | [25]
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Fig 7. Experimental time-temperature curves (compartment averages).

5. Stochastic correction factors based on steel sections

A total of 1470 cases are considered to calculate the equivalent fire load density and resulting
stochastic correction factor: 550 protected steel members and 810 unprotected members. The
dataset for protected steel sections is based on 10 experimental time-temperature curves, 11 section
factors in the range from 40 up to 440 m* (i.e., 40, 80, 120... m™) and 5 insulation thicknesses
(i.e. 1 to 5 cm, to satisfy the @ requirement), resulting in a total of 550 cases. The dataset for
unprotected steel sections is based on the same experimental time-temperature curves and 81 (box)
section factors in the range from 40 up to and including 440 m? (i.e., 40, 45, 50, 55... m™?). The

10



range of the section factors was determined based on the combination of the normal and boxed
values of HEA, HEB, HEM and IPE profiles.

Based on the frequency of occurrence of the calculated correction factors, the best fitting
distribution is determined using the Akaike Information Criterion (AIC), as in [26]. The AIC
evaluates how well a model represents the data onto which it was fitted. It is a comparative
measure, in the sense that the distribution with the lowest AIC for a given problem constitutes the
best fit. The models (distributions) that have been considered are lognormal, gamma, and inverse
Gauss. Distributions yielding probabilities for negative values of the stochastic correction factor
have been eliminated upfront because such values are illogical as they would imply negative fire
load densities. For each distribution, the number of independent variables in the model is 2 (mean
and standard deviation of the dataset).

5.1 Unprotected steel sections

The visualization of the results in Fig 8a shows that for unprotected steel sections, the correction
factor for the fire load density is chaotic, without a clear pattern. This is also confirmed by the
mean (u,=2.94) and standard deviation (0,=2.95) of the dataset. Instead of a continuous
distribution, multiple discrete peaks can be observed. As a result, the overall agreement of the
models with the experimental data is poor.

C T T T T | T T T T

>
. 0.8r 1 @
; c
— o]
2 °
= >
2 0.6- 4 =
3 3
> 3
£ o
= i i o
§ 0.4 [}
o AN E
o I~ \ ©

0.2F \\\\.:..'. B g Lognormal AIC=1591.6
TSN 3 Gamma AlIC=1684.1
_____ Inverse Gauss AIC=1549.1
0.04 - 1 s . .
0 2 4 6 8 10 6 8 10
Correction factor, n [-] Correction factor, n [-]
(a) (b)

Fig 8. Comparison of the calculated correction factors for unprotected steel sections with fitted
distributions using (a) PDF and (b) CDF.

The calculation method of the temperature increase of the steel section (Eq. (7)) depends on the
box section factor. Fig 9 visualizes how the calculated correction factor varies with the box section
factor. The calculated correction factor is relatively independent of the box section factor, except
for the lower-end values. Nevertheless, it is obvious from Fig 9 that the experimental data used to
calculate the equivalent fire load density has a big influence. Some sets of experimental data lead
to high values for the correction factor (e.g. Cardington 6 and 7), whereas other sets lead to
correction factors around or below unity (e.g. Cardington 5).

Given that the box section factor was the only parameter that was varied in Eq. (7), the results of
Fig 9 can be used to explain the peaks in Fig 8. The discrete peaks relate to individual tests, which
is caused by the relationship between the gas temperature and the steel temperature for unprotected
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sections. The steel temperature is known to closely follow the gas temperature, especially when
the section factor is sufficiently high [10]. The time aspect is less relevant. Correcting the
maximum steel temperature is in such cases almost equivalent to directly correcting the gas
temperature. Given that the number of experimental datasets is limited, this results in discrete
peaks in a histogram.
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Fig 9. Influence of box section factor on the correction factor for unprotected steel sections.

The experimental datasets entailing high correction factors are primarily the sets from Cardington
tests 6 and 7, whereas Cardington test 8 and the test from Ulster University demonstrate similar
behavior but to a lesser extent. Table 1 reveals that the principal similarity among these curves lies
in the high thermal inertia of the linings, a measure of the temperature response of a body during
heat transfer, as defined in Eq. (9). Also Cardington fire test 1 has a high value for the thermal
inertia of the linings, but given that this test did not progress into full flashover as the other tests
did (see Fig 7), it cannot be considered fully reliable.

b= kpc 9)

where b is the thermal inertia [J/m2Ks'?], k is the thermal conductivity of the material [W/mK], p
is the density of the material [kg/m?3] and c is the specific heat [J/kgK].

When the thermal inertia of the linings is high, the EPFC (and mEPFC) considers that more energy
is lost to the linings. This energy can no longer be used to increase the gas temperature. Hence, the
temperature predicted by the EPFC is lower when the thermal inertia is high. Nevertheless, this
influence is not noticeable in the experimentally measured time-gas temperature curves of Fig 7.
Cardington tests 6 and 7 reach, for example, higher temperatures than Cardington test 5, although
it has a lower thermal inertia. Therefore, the maximum steel temperature depends less on the
thermal inertia when based on experimental data compared to when the EPFC is used.
Consequently, a higher correction factor is obtained with increasing thermal inertia.

5.2 Protected steel sections
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The calculated correction factors for protected steel sections exhibit a much more regular behavior
than the correction factors based on unprotected steel sections. As indicated with the histogram in
Fig 10a, the highest probability density is found for correction factors around 1.75. This is in line
with the mean (n,=1.74) and standard deviation (0,,=0.80) of the dataset. Using the AIC, the
lognormal and inverse Gauss distributions provide similar agreement. In addition, the agreement
between these distributions and the experimental data in Fig 10 is good, as illustrated by both the
PDF (Fig 10a) and CDF (Fig 10b) plots. Both the peak probability density and the extremes of the
distribution are well represented.
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Fig 10. Comparison of the calculated correction factors for protected steel sections with fitted
distributions using (a) PDF and (b) CDF.

For protected steel sections, two parameters will affect the steel section temperature, being the
insulation thickness and the section factor. Their influence on the calculated correction factor is
reported in Fig 11a and Fig 11b, respectively. For both parameters, the median value, i.e., the
center line of the boxplot, remains approximately constant. For the section factor, the first and
third quartiles (indicated by whiskers) separate further from each other as the section factor
increases, indicating a larger spread on the calculated correction factors. For the insulation
thickness, the opposite is valid.

0.04= !

o
N
H
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Similar to the unprotected sections, the outliers originate from Cardington fire tests 6 and 7,
indicating that the thermal inertia is also important for protected steel sections. These outliers are
found mainly for low insulation thicknesses and high section factors and even increase with the
section factor. For these cases, the same logic as for unprotected sections can be applied. The
outliers occur most frequently for low insulation thicknesses, as this is the closest to the
unprotected case. Furthermore, a higher section factor represents a thinner section, which will
follow the gas temperature more closely. The influence of the section factor is bigger than for
unprotected sections due to the time delay introduced by the thin layer of insulation material.
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Fig 11. Influence of (a) insulation thickness and (b) section factor on the correction factor for the
fire load density.

5.3 Protected and unprotected steel sections

Combining the results for protected and unprotected steel sections in a single dataset, the histogram
provided in Fig 12a is obtained. The more consistent data from protected steel sections are
completed with the less consistent data from unprotected steel sections. This mainly affects the
spread on the data as compared to the dataset for protected steel sections, as confirmed by the mean
(1y,=2.45) and standard deviation (o,,=2.41). Again, the lognormal, and inverse Gauss distributions

produce the best fit for the experimental data, as illustrated using the AIC in the legend of Fig 12.
It should be noted that these results depend on the ratio of unprotected to protected cases, with the
unprotected cases being more numerous and thus having a more pronounced effect on the total
dataset.
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Fig 12. Comparison of the calculated correction factors for both protected and unprotected steel
sections with fitted distributions using (a) PDF and (b) CDF.
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6. Discussion
6.1 Maximum steel temperature as metric

The proposed methodology provides a correction factor, to be multiplied with the fire load density,
by matching the maximum steel section temperatures between exposure to mEPFC and exposure
to experimental time-temperature data. The maximum steel temperature univocally defines a
quantification for the severity of the fire exposure as experienced by structural steel elements.
Nevertheless, this approach does not ensure a good agreement between the two steel temperature-
time curves during the entire fire event. Thermally-induced restraint forces may trigger different
failure modes. The development of such loads are, however, case-specific and it would be hard to
draw general conclusions from such results. Hence, the focus is placed on the maximum steel
temperature, aligning with the general point of lowest capacity - an approach consistent with the
methodology employed within the project that introduced and calibrated the EPFC [10].

6.2 Importance for structural fire performance

The application of a stochastic correction factor for the fire load density to enhance the agreement
in fire severity between the mEPFC and experimentally measured gas temperatures is only relevant
for SFE when it affects the structural performance. The structural performance is largely related
to the properties of building materials, which generally reduce with elevating temperatures.
Noticeable reductions, however, will only occur from a certain temperature onwards. For structural
steel, for example, available models (e.g., [20], [27]) predict that the yield strength starts
decreasing when the material has reached a temperature of approximately 400°C while the
modulus of elasticity gradually decreases from 100°C onwards [20]. The sensitivity of structural
performance to fire exposure thus depends on the building material, but also on the failure mode
(e.g. compressive failure vs. global buckling). Nevertheless, it is largely related to temperature. In
this regard, Fig 13 indicates the maximum temperatures obtained for the cases in section 5. It can
be observed that for unprotected sections, the maximum temperatures are very high, generally
exceeding the abovementioned thresholds. For protected sections, the maximum temperature is
significantly lower, but the 400°C threshold is also exceeded for most of the cases.

N I S s S s S S B S L LA

L W Protected M
[ B0 Unprotected

0.006

0.005 .

0.004f

0.003

0.002

Observed frequency [-]

0.001

0.000%5 250 500 750 1000 1250

Temperature, 65, max [°C]

Fig 13. Histogram displaying the maximum temperature distribution for protected and
unprotected steel sections, obtained from the results in section 5.
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7. lllustration of the methodology

The impact of the stochastic correction factor is illustrated, using the PDF of section 5.3 (i.e., using
all the data for protected and unprotected steel sections) considering two examples: an office with
a protected steel section and an unprotected steel section. Both examples consider a simply
supported, 3 m tall column constructed with a HEA200 profile. These simple examples considering
isolated members are chosen to easily illustrate the methodology.

The protected column is covered with 20 mm of SFRM (corresponding to 90 min fire resistance)
of which the temperature-dependent properties are provided in [19] (mean values are used). To
model the reduction in yield strength and modulus of elasticity, the values provided in EN 1993-
1-2:2005 [20] are adopted. Information on the stochastic variables in the analysis is provided in
Table 2. Two failure modes are considered for the column, i.e., yielding of the steel (i.e., purely
compressive failure) and global buckling. The failure mode at ambient conditions is global
buckling and the resistance of the column is 307.7 kN, considering purely axial loading. The
results, visualized in Fig 14 and Fig 15, are based on 10° realizations.

Table 2. Stochastic variables for the analyzed steel column.

Stochastic variables | Distribution | Mean | St. dev.
Material properties [28], [29]
Yield strength, fy,20 (S355) Lognormal 393.5 MPa 25.4 MPa
Modulus of elasticity, E Deterministic 210 GPa -
Fire loading [9], [30]
Fire load density, gs Gumbel 420 MJ/m? 126 MJ/m?
Correction factor fire load density, 1 Inverse Gauss 2.45 241
Opening factor, O Deterministic 0.08 m'? -
Random parameter for O, ¢ Truncated
(following the JCSS Probabilistic lognormal (cut off | 0.2 0.2
Model Code [30], see Eq. (10)) at (=1)
Compartment characteristics
Dimensions (L x W x H) Deterministic 20mx15mx3m | -
Thermal inertia, b Deterministic 1400 J/m2s'?K -
0= (1 - O Omax (10)

where O is the opening factor [m/?], C is a realization of the truncated lognormal distribution from
Table 2 and O, is the physical maximum of the opening factor.

Fig 14a demonstrates that the inclusion of the correction factor has an influence on the critical
capacity of protected columns, but the reduction remains relatively limited. Before introduction of
the correction factor, the maximum steel temperature did not exceed 100°C (Fig 15a), which acts
as the threshold for the reduction in elastic modulus. Due to introduction of the correction factor,
higher temperatures in the steel elements are obtained, exceeding the 100°C threshold, and
resulting in a lower elastic modulus. The critical resistance of the column is affected. Nevertheless,
the temperatures still remain relatively low with only extraordinary cases exceeding a maximum
steel temperature of 200°C, at which point the elastic modulus has reduced only by 10%. Given
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that the maximum temperatures remain below 400°C, the compressive strength of the steel remains
unaffected.

The incorporation of the stochastic correction factor is more influential for unprotected steel
columns. As temperatures can easily exceed 100°C when no protection is applied, the critical
resistance is generally affected by the incorporation of the correction factor (though not always, as
n may also be below 1). In many cases even the 400°C threshold (yield strength) is exceeded,
meaning that also the compressive strength is affected.

Incorporating the stochastic correction factor results in an increased occurrence frequency of low
capacities, emphasizing its importance in safely estimating the fire performance of structures.
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Fig 14. Probability density for the critical resistance of a simply supported 3 m tall HEA200
column exposed to mMEPFC when (a) protected with 20 mm SFRM and (b) unprotected; with and
without consideration of the correction factor.
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Fig 15. Change in maximum steel temperature of HEA200 profile exposed to mEPFC when (a)
protected with 20mm SFRM and (b) unprotected; with and without consideration of the
correction factor.
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8. Recommendations for further research

Improvements can be made to enhance the applicability of the method. The following topics are
listed for further developments:

e A wider range of elements. For now, focus was put on I-profiles, but the same methodology
can be extended to all types of steel sections.

e Extension to other protective materials. The current study only uses a single type of
protective material (SFRM). To obtain more broadly applicable results, other types of
materials can be considered.

e More experimental data. The development of the correction factor was limited by the
number of experiments. Additional experimental data, preferably with varying fire load
density, opening factor and thermal inertia of the linings would make the method more
robust.

e The current correction factor is based on the average temperature measured inside a
compartment, as it was also the approach followed for the validation of the EPFC.
Exploring the implications of measurement errors can further strengthen the method.

e Additional metrics. The maximum temperature in a steel section has been considered as
the only metric for convergence. Introducing additional metrics, such as the time at which
this temperature is reached, could potentially improve the overall agreement between the
steel temperature-time curves.

e Extend to real EPFC. The current model uncertainty was based on an adapted formulation
of the EPFC to avoid discontinuities at the interface between ventilation- and fuel-
controlled fires. In order to make the model uncertainty applicable for the EPFC as listed
within current standards, a solution needs to be found, possibly by distinguishing between
fuel controlled and ventilation controlled conditions.

9. Conclusions

A stochastic correction factor for the fire load density has been determined to enhance the
agreement in thermal response of steel elements considering exposure to a modified formulation
of the Eurocode Parametric Fire Curve (to avoid discontinuities) and exposure to experimentally
measured time-temperature curves. The maximum steel section temperature in a lumped mass
capacitance approach was used as a convergence parameter. While the current focus is on the fire
load density, the approach allows for simultaneous consideration of parameters. The study does
not aim to assess or enhance the EPFC; instead, it introduces a model uncertainty through a
stochastic approach, enabling reliability-based structural fire engineering. The correction factor,
n, was found to be well above 1 (mean value p,=2.45 and standard deviation c,,=2.41 for the
ensemble of data used in the present study), meaning that often a higher fire load density needs to
be applied to obtain the same fire severity. The influence of both the section factor and protection
thickness on n was shown to be minor, whereas the declared value of the thermal inertia of the
linings appeared to have a significant influence on the value of n. High thermal inertia generally
leads to higher correction factors.

The structural relevance of the inclusion of a stochastic correction factor has been illustrated for
the example of an office environment, considering protected (20 mm SFRM) and unprotected steel
HEA200 columns, and steel yielding and global buckling as potential failure modes. In both cases,
the critical resistance decreased significantly, although the effect was bigger for unprotected
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sections as higher temperatures were reached. It is noted that these results are case-specific and
generally depend on the insulation thickness and properties, the type of occupancy, etc. Yet, they
demonstrate the importance of the stochastic correction factor as not taking this factor into account
results in an assessment of the structural fire performance with little consideration of the model
uncertainties and its reliability.
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Figure captions

Fig 1. Gas and calculated steel temperatures for Cardington fire test 6 [17] and the corresponding
EPFC and mEPFC [18] curves using a HEA200 beam protected with 2cm of SFRM [19].

Fig 2. Maximum gas temperatures for (a) EPFC and (b) reformulation of [18] for different
combinations of gr and O, and (c) temperature difference EPFC minus reformulation.
Compartment dimensions are 10 m x 10 m x 4 m and linings thermal inertia b = 1400 J/m2s1/2K.

Fig 3. Schematic approach to developing a model uncertainty.

Fig 4. Maximum steel temperatures that can be reached for different combinations of fire load
density and opening factor using a HEB400 profile protected with 2 cm of SFRM.

Fig 5. Case study considering a HEB400 profile with 2 cm of SFRM with (a) the experimental fire
curve and different mEPFC curves with varying opening factor and (b) the maximum achievable
temperatures within the EN 1991-1-2:2002 [9] bounds.

Fig 6. Schematic overview of the applied methodology.
Fig 7. Experimental time-temperature curves (compartment averages).

Fig 8. Comparison of the calculated correction factors for unprotected steel sections with fitted
distributions using (a) PDF and (b) CDF.

Fig 9. Influence of box section factor on the correction factor for unprotected steel sections.

Fig 10. Comparison of the calculated correction factors for protected steel sections with fitted
distributions using (a) PDF and (b) CDF.

Fig 11. Influence of (a) insulation thickness and (b) section factor on the correction factor for the
fire load density.

Fig 12. Comparison of the calculated correction factors for both protected and unprotected steel
sections with fitted distributions using (a) PDF and (b) CDF.

Fig 13. Histogram displaying the maximum temperature distribution for protected and unprotected
steel sections, obtained from the results in section 5.

Fig 14. Probability density for the critical resistance of a simply supported 3 m tall HEA200
column exposed to mEPFC when (a) protected with 20 mm SFRM and (b) unprotected; with and
without consideration of the correction factor.

Fig 15. Change in maximum steel temperature of HEA200 profile exposed to mEPFC when (a)
protected with 20mm SFRM and (b) unprotected; with and without consideration of the correction
factor.
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